An amperometric horseradish peroxidase (HRP) biosensor based on multilayer films containing carbon nanotubes (CNTs) and HRP was developed. With the pH regulation of the dispersion solution of CNTs, the sensitivity of the HRP multilayer film biosensor is tunable by the control of the dissociation of CNTs. The successful formation of multilayers was confirmed by UV-visible spectroscopy. The features of multilayers were characterized by SEM and electrochemical impedance spectrum (EIS). The performance of the HRP biosensor is reported for the amperometric detection of phenols. The biosensor presented a linear response for catechol from 9.1 × 10 -8 -6.45 × 10 -5 mol/L, with a sensitivity of 0.00554 A·L/mol and a detection limit of 8.5 × 10 -8 mol/L. The study can provide a feasible simple approach for developing a new sensitivity tunable method for CNTs-based biosensors.
Introduction
Carbon nanotubes (CNTs) have been attracting growing interest in fundamental and applied research due to their electronic, chemical and mechanical properties. Recent studies have demonstrated that CNTs have promising applications that include the nanocomposites, 1 actuators, 2 and sensors. 3 Making use of the unique properties of the CNTs such as the high electrocatalytic effect, fast electron-transfer rate, and large working surface area, 4, 5 researchers have developed various CNTs-based electrochemical biosensors for the determination of some important substrates such as glucose, 6 nicotinamide adenine dinucleotide (NADH), 7 and amino acids. 8 For CNTs-based electrochemical biosensor, the immobilization of CNTs is an important step. However, the development of stable CNTs-based film in CNTs-based electrochemical biosensors has turned out to be a key barrier, because of the poor solubility of CNTs in most solvents and the biological incompatibility of some solvents. Preliminary works have mainly focused on simply casting the suspension of CNTs in sulfuric acid or dimethylformamide or acetone. [9] [10] [11] The resulting CNTs film is mechanically and electrically loose, and its application in biosensor systems is limited. Later, the casting of surfactant or polymer dispersion of CNTs became a promising approach to prepare CNTs film. But the casting method could not control well the properties of the resulting CNTs films. More recently, the fabrication of CNTs-based film using the layer-by-layer (LBL) method has gained great interest. This LBL deposition technique paves the way to fabricate sensing membranes tailored for optimum performance with regard to controlled thickness, internal organization, molecular structure, and/or biocatalyst loading. [12] [13] [14] [15] In the LBL method, carboxylic acid-functionized CNTs and polyelectrolyte/surfactant-wrapped CNTs were used to fabricate multilayer active films. [15] [16] [17] For example, Mamedov et al. 18 reported the preparation of single-wall carbon nanotube/polyelectrolyte multilayer composites. The CNTs were first refluxed in 65% HNO3 to produce the carboxylic acid groups. These negatively charged CNTs were assembled LBL with positively charged polyelectrolytes.
Although great efforts have been devoted to the development of LBL assembly CNTs-based multilayer film biosensors, the study of the sensitivity adjustment of the CNTs-based multilayer film biosensor has not been reported with the control of the pH of the dispersion solution of carboxylic acid-functionalized CNTs. In the present study, strong acid oxidative treatment of CNTs was used to introduce negatively charged carboxylic acid groups in CNTs. With widely used horseradish peroxidase (HRP) as a model, through LBL self-assembly a CNTs/HRP multilayer film biosensor was fabricated by negatively charged CNTs and positively charged HRP. We first report the regulation of the sensitivity of the CNTs/HRP multilayer film biosensor by the pH control of the dissociation of the CNTs. The performance of the CNTs/HRP multilayer film biosensor was studied for the determination of phenols.
Experimental

Materials and reagents
Horseradish peroxidase (E.C.1.11.1.7, 250 U/mg and isoelectric point of pH 7.2) was purchased from Shanghai Lizhu Dong Feng Biotechnology Co. Ltd. Poly(sodium-p-styrenesulfonate) (average MW 70000) (PSS), 3-mercapto-1-propanesulfonic acid, sodium salt (MPS) and poly(dimethyldiallylammonium chloride) (average MW 15000) (PDDA) were from Sigma-Aldrich. Carbon nanotubes (CVD method, purity >90%, average diameter 10 -30 nm) were purchased from Sun Nanotech Co., Ltd., China; all other reagents were of analytical grade and were used without further purification
Apparatus and electrodes
Electrochemical measurements were performed with an electrochemical analytical system CHI660 C. A conventional three-electrode electrochemical cell of 25 ml was used with a platinum disk electrode as an auxiliary electrode, a Ag/AgCl electrode saturated with KCl as a reference and a modified gold electrode (diameter 2 mm) as working electrode. All potentials were measured and reported vs. Ag/AgCl electrode (saturated by KCl). SEM images were obtained with VEGA\\TESCAN.
Dispersion of CNTs
The CNTs were first shortened and functionalized by sonicating in a mixture of concentrated HNO3 and H2SO4 (v/v, 1:3) for 8 h, followed by extensive washing in deionized water until the filtrate was neutral. Then the mixed acid-treated CNTs were dried and made ready for use.
One mg/mL CNTs dispersion was prepared by dissolving mixed acid-treated CNTs solid in different buffer solutions, followed with 20 min sonication.
Preparation of (CNTs/HRP)n multilayer film electrode
The gold electrode was successively polished with emery paper and alumina slurry of 0.05 μm. Then, it was sonicated in deionized water for 1 min, and immersed for 10 min in freshly prepared piranha (3:1 mixture of concentrated H2SO4 and 30% H2O2). Next, the electrode was rinsed with water, sonicated for 5 min, rinsed with water, and electrochemically pretreated by cyclic potential scanning between 1.4 and -0.2 V in H2SO4 (0.1 mol/L) until the cyclic voltammogram characteristic for a clean gold electrode was obtained. The clean gold electrode was immersed in an aqueous solution of 0.02 mol/L MPS overnight to form a monolayer of negative charge.
The precursor film was assembled through dipping the MPS modified gold electrode alternately into polycation PDDA and polyanion PSS solutions for 20 min, respectively. After each adsorption step, the modified electrode was thoroughly rinsed with water. Thus, the electrode was modified by the precursor film of PDDA/PSS/PDDA.
(CNTs/HRP)n multilayer film electrodes were assembled by dipping each PDDA/PSS/PDDA modified electrode alternately into negatively charged CNTs dispersion of 1 mg/mL in different buffer solutions for 30 min and positively charged HRP solution of 1 mg/mL in pH 6.47 PBS for 30 min. After each adsorption step, the modified electrode was thoroughly rinsed with water.
Preparation of (CNTs/HRP)n multilayer film
A quartz plate was first immersed in freshly prepared piranha, and then was rinsed with water. PET was negatively charged according to Ref. 19 . The preparation of (CNTs/HRP)n multilayer film on quartz plate and PET was according to the procedure of MPS modified gold electrode.
Results and Discussion
UV-vis characterization of (CNTs/HRP)n multilayer film
UV-vis spectra were used to monitor the growth of (CNTs/HRP)n multilayer film and to evaluate the variation of amounts of CNTs bound in the film when changing the pH value of CNTs dispersion solution. Figure 1 shows the UV-vis spectrograms of the (CNTs/HRP)n multilayer film. Figure 1a shows the UV-visible absorption of 1 -6 layer film of CNTs/HRP, which was assembled with CNTs dispersed in pH 10 buffer solution and HRP. It was clear that there was an absorption peak at 265 nm in each layer. The strong absorption was ascribed to CNTs. The linear increase of the absorbance at 265 nm indicates that a constant amount of CNTs/HRP could be immobilized to form multilayer films.
The effect of the pH value (9 -12) of CNTs dispersion solution on the amount of CNTs immobilized in the multiayer film was investigated. From Fig. 1b , where the absorbance of six layers of CNTs/HRP at different dispersion pH (pH 9 -12) of CNTs was reported, it appeared that with the pH increase the absorbance of the multilayer increased till pH 10. Such a result indicated that the carboxylic CNTs were more easily dissociated with the increasing of pH; thus, more CNTs and HRP can be loaded in the multilayer film, so the absorption increased. But the further increase of pH (11 and 12) led to a decrease of the absorbance; this was due to the high ionic strength caused by the strong alkaline buffer, which led to fewer CNTs and HRP loaded in the multilayer film and reduced the absorbance of (CNTs/HRP)n multilayer. 20 
Features of CNTs/HRP multilayer films
The assembly and morphology of CNTs/HRP on PET were characterized by SEM. As shown in Fig. 2 randomly oriented CNTs covered the surface of PET. The density of CNTs in the first CNTs/HRP layer was rather small (Fig. 2a) and the CNTs coverage clearly increased with the increasing the number of film assembly, suggesting the sequential depositon of the CNTs onto the PET surface. Figure 2 shows that most of the immobilized CNTs were in a form of small bundles or single tubes. This is much different from the results of the modified electrode fabricated by other methods such as cast coating or CNTs-based carbon paste, in which CNTs existed in the form of agglomerates or indiscernible nanotube bundles. 21 Such small bundles and single tubes are very attractive for the fabrication of HRP biosensors since most of the well-dispersed CNTs are electrochemically accessible and consequently can be readily and totally used as electrochemical sensing units.
The feature of the assembly films was also investigated by EIS.
22 Figure 3 shows the EIS, presented as a Nyquist plot that consists of a semicircle portion and a linear line portion which respectively denote the electron transfer process (modeled as a resistance to charge transfer, Rct) and the diffusion process (modeled as the Warburg-type impedance, W) as shown in the equivalent circuit (right inset in Fig. 3 ). Significant differences in the impedance spectra were observed during stepwise layer-by-layer assembly of the electrode. Figure 3 shows the impedance spectra measured at a bare Au electrode and at electrodes modified with precursor film, one layer, two layers and three layers of CNTs/HRP. As shown in the inset of the figure, the Rct increased proportionally with the number of assembled layers of CNTs/HRP. This implies that the layers of the CNTs/HRP multilayer have been formed uniformly on the gold electrode.
Effect of pH of CNTs dispersion solution
The effect of the pH of CNTs dispersion solution on the (CNTs/HRP)3 multilayer electrode response is shown in Fig. 4 . It is clear that there is a maximium response at a pH value of 10 of CNTs dispersion solution. The reasons for these are two. On the one hand, a higher extent of deprotonation of COOH is obtained with a higher pH value of dispersion solution; thus, more CNTs and HRP can be bound on the electrode surface. If the pH value is greater than 10, a high ionic strength attributed to a big amount of the sodium cations in the CNTs dispersion solutions causes the coagulation of some carboxylate anions; thus, fewer CNTs and HRP can be bound on the electrode surface. 20 The variation of amount of CNTs bound in the film when changing the pH value of CNTs dispersion solution is confirmed by UV-visible spectroscopy in Fig. 1 . On the other hand, HRP activity is very low at pH value greater than 10 due to the conformational change of HRP. 23, 24 In the assembly process, HRP was caused to become partly inactive when it was immersed in a CNTs dispersion solution of pH greater than 10. Based on these reasons, the sequence of the multilayer electrode response was pH 10 > pH 9 > pH 11 > pH 12. Therefore, the pH value 10 was selected for further experiments.
Effect of test solution pH
The change of the chronoamperometric current with the pH of test solutions under constant concentration (1.0 × 10 -4 M) of catechol was investigated with the (CNTs/HRP)3 multiayer electrode. As illustrated in Fig. S1 (Supporting Information), at pH 5.29 the amperometric current reached a maximum value. So pH 5.29 PBS was selected as the test solution for the determination of catechol.
Effect of the number of CNTs/HRP layers
The amperometric responses of the CNTs/HRP multilayer electrodes were studied systematically as a function of the number of layers in the multilayer films under gentle magnetic stirring. Figure 5 shows the typical current-time plots of the different layers of multilayer electrodes on successive addition of 1.37 × 10 -5 M catechol. The amperometric response increases significantly with the number of assembled layers until the number of assembled layers exceeds three. The reason was that, by increasing the number of layers of CNTs/HRP assembled, the electrode contained more electroactive sites (enzyme), thus increasing the amperometric response to catechol. On the other hand, thicker layers of assembled film could obstruct the diffusion of the substrate. Thus, in the following, we investigated the modified electrodes containing three layers of CNTs/HRP. Figure 6 shows the dependence of the H2O2 concentration of (CNTs/HRP)3 electrode response for 48.0 μmol/L catechol. 
Effect of H2O2
Effect of the applied potential
As can be seen in Fig. S2 (Supporting Information), the response of (CNTs/HRP)3 electrode increases as applied potential decreases. The potential was selected at -0.05 V in the following experiments, because a small change of the sensor response was observed in the potential range of -0.05 and -0.20 V.
Properties of CNTs/HRP multilayer film biosensor
Figures 7a and 7b show the current-time recording of three layers of CNTs/HRP modified electrode obtained for successive additions of catechol under optimal experimental conditions. Upon successive addition of catechol to PBS, a clearly defined reduction current proportional to the catechol concentration was observed. Linear regression equation for catechol in the range of 9.1 × 10 -8 -6.45 × 10 -5 mol/L was Y(A) = 4.459 × 10 -8 + 0.00554c(mol/L), R = 0.998 (Fig. 7a inset) . The sensitivity was 0.00554 A·L/mol, which was much higher than the sensitivities listed in the references of CNTs-based HRP modified electrodes. 25, 26 For instance, the sensitivity is 50 nA·L/cm 2 ·μmol in Ref. 26 and is 176 nA·L/cm 2 ·μmol in this study (electrode diameter 2 mm). The detection limit of 8.5 × 10 -8 mol/L was determined using a signal to noise ratio of three.
Due to the thin film, the response time for the biosensor was very short, reaching 95% of its maximum response in about 2 s. The repeatability in the measurements, expressed as the relative standard deviation (RSD), was 4.0%, this was obtained by recording the signals through 9 successive experiments, in the presence of 6.0 μmol/L of catechol. The stability of the multilayer electrode was also evaluated by monitoring the response currents in the presence of 6.0 μmol/L catechol. The electrode was stored at 4 C in a refrigerator when not used. The response was constant for the first week. After 2 weeks, the responses were preserved to be about 70% of the original values.
Response of the electrode to different phenolic compounds
Different phenolic compounds were determined by the electrode. Table 1 presented the analytical performance of the (CNTs/HRP)3 electrode including the sensitivity, the linear range and the detection limit for the different compounds. The difference in sensitivity of phenolics might depend on the electron-donor conjugation of a substituent in substrates. 25 In the cases of o-aminophenol, catechol, hydroquinone, and o-chlorophenol, they can easily form the corresponding conjugation structures; in the case of o-cresol, however methyl groups of o-cresol do not encourage the formation of the conjugation structures. Thus the sequences of sensitivites of phenolics are as shown in Table 1 .
Interferences and recoveries
The interferences such as cysteine, tyrosine and glycine on the determination of catechol were studied at the developed CNTs/HRP biosensor. When 2.5-fold cysteine, 7-fold tyrosine and 3-fold glycine were added in the supporting solution, no significant interference was found on the determination of catechol.
The analytical applicability of the biosensor was evaluated by determining the recoveries of 4.0, 8.0, and 12.0 μmol/L catechol by standard addition method. The recovery of the electrode is 105, 96.3 and 94.6%, respectively.
Conclusions
The results demonstrated that the LBL self-assembly of CNTs and HRP is an efficient method for HRP biosensor to detect phenols. The developed HRP sensor exhibited good sensitivity, higher than those of other CNTs-based HRP biosensors. With the pH regulation of the dispersion solution of CNTs, the sensitivity of HRP multilayer film biosensor is tunable by the control of CNTs dissociation. The biosensor presented a wide linear range for catechol from 9.1 × 10 -8 -6.45 × 10 -5 mol/L. The study can provide a feasible simple method to tune the analytical performances such as sensitivity and detection limit of CNTs-based biosensor by adjusting the number of assembled enzyme layers or by the pH regulation of the dispersion solution of CNTs. 
